CK2 (formerly called casein kinase 2) is a ubiquitous messenger-independent serine/threonine protein kinase implicated in cell growth and proliferation. To investigate the regulation and functions of this enzyme, experiments were carried out to search for CK2-interacting proteins. The methods employed included an overlay technique, co-purification, co-immunoprecipitation, and the use of glutathione S-transferase (GST) CK2 fusion proteins. By the CK2 overlay technique, one protein of 110 kDa was found to bind to CK2 with very high affinity. The binding was inhibited by CK2 effectors such as heparin, polyarginine, and histone H1, but was not affected by the CK2 substrate, casein. Protein p110 was also detected by co-immunoprecipitation using anti-CK2 antiserum, suggesting an in vivo association of this protein with CK2. Co-purification of p110 with CK2 from Sf-9 cells that overexpressed CK2 was also observed through sequential chromatographic steps. Using GST fusion proteins of CK2, the CK2-p110 interaction was investigated further and was found to occur primarily through CK2 ␣ or ␣ subunits, but not the ␤ subunit. Protein p110 was purified from 3T3 L1 mouse fibroblast cell lines using a GST-CK2 affinity resin. Amino acid sequence analysis of peptides obtained from the protein indicated that it is the nuclear protein, nucleolin. Furthermore, p110 was recognized by antinucleolin antiserum. At present, the physiological significance of the strong interaction between CK2 and nucleolin, an excellent substrate for the enzyme, is not clear. However, this association may be important for regulating rDNA transcription.
Protein kinase CK2 1 (formerly called casein kinase 2) is a ubiquitous serine/threonine protein kinase that exists in the cytoplasm and nucleus of all eukaryotic organisms (reviewed in Refs. [1] [2] [3] . The purified enzyme from most sources exists as a heterotetramer composed of ␣, ␣Ј and ␤ subunits in ␣ 2 ␤ 2 , ␣␣Ј␤ 2 , or ␣Ј 2 ␤ 2 configurations. The ␣ or ␣Ј subunit is the catalytic subunit, whereas ␤ is thought to have a regulatory role in stimulating catalytic activity, stabilizing the ␣ (␣Ј) subunit, and facilitating the recognition of substrates (3) .
The importance of CK2 in the regulation of cell growth and proliferation is supported by genetic and biochemical studies.
Genetic analyses in Saccharomyces cerevisiae, and Dictyostelium discoideum demonstrated that CK2 is essential for cell viability (4, 5) . In mammalian cells, elevated CK2 activity was detected in various tumor cells and in "normal" tissues with a high mitotic index (3) . Blocking expression of CK2 using antisense RNA or microinjected specific antibodies showed that the kinase is required for normal cell response to growth stimuli (6, 7) . CK2 also appears to be involved in the phosphorylation of many growth-related and cell cycle-specific proteins, including many oncoproteins such as c-Myb (8) , c-Myc, Max (9) , the SV40 large T antigen (10) , and the tumor suppressor protein p53 (11) , suggesting that the enzyme may play a role in mitogenic signal transduction. Finally, transient stimulation of CK2 by mitogenic stimuli in several cell types has also been reported by several laboratories including this one (12) (13) (14) (15) (16) (17) ; however, this phenomenon has not always been seen (18) . Despite the large number of potential CK2 substrates (more than 100), it has been very difficult to determine the precise physiological functions of this enzyme.
One approach for studying CK2 function and regulation is to examine the physical association of the enzyme with other cellular proteins, and, indeed, recent reports reveal that CK2 may interact with a variety of them (19 -29) . For example, CK2 activity co-purifies through multiple steps in the isolation of latent 20 S proteasomes from human erythrocytes (19) . Association of CK2 with heat shock protein HSP90 has been observed (20 -23) . When p53 is immunoprecipitated from Sf-9 cells infected with recombinant p53 virus, CK2 activity is detected, suggesting the in vivo association of CK2 with p53 (25) . CK2 activity was also detected in immunoprecipitates of DNA topoisomerase II (26) . Recently, by employing specific CK2 antibodies, the presence of immunoreactive CK2 in purified nuclear matrix preparations has been demonstrated in rat liver and prostate tissue (27) . Finally, CK2 reportedly co-purifies with the nuclear protein nucleolin from CHO cells through sequential chromatographic steps (28) . A 25-kDa protein FKBP25, a receptor of immunosuppressive drugs FK506 and rapamycin, was reported to be associated with CK2 and nucleolin (29) .
In this paper, we report the identification of a 110-kDa protein, p110, that interacts strongly with CK2. This interaction was demonstrated using a variety of biochemical methods including an overlay technique, co-immunoprecipitation of CK2, and affinity chromatography using immobilized GST fusion CK2. p110 was purified from 3T3 L1 cells, sequenced after trypsin digestion, and was found to be nucleolin, a nucleolar protein that is implicated in rRNA biosynthesis. Several characteristics of the nucleolin-CK2 interaction were determined. beads were purchased from Pharmacia Biotech Inc.. All other chemical reagents were purchased from Sigma unless otherwise specified.
Antibodies-Polyclonal anti-peptide antibodies against ␣, ␣Ј, and ␤ were prepared in this laboratory (31) . Polyclonal antibodies against nucleolin were kindly provided by Dr. M. O. J. Olson (Dept. of Biochemistry, University of Mississippi) and Dr. P. J. DiMario (Dept. of Biochemistry, Louisiana State University) (32, 33) .
Tissue Culture and Preparation of Cell Lysates-3T3 L1 cells were grown in 100-mm diameter dishes in Dulbecco's modified Eagle's medium (Life Technologies, Inc.) supplemented with 10% fetal calf serum. Cells were harvested, washed twice with cold phosphate-buffered saline, and lysed by sonication for 2 ϫ 10 s in homogenization buffer (50 mM Tris-Cl, pH 7.5, 50 mM NaF, 0.25 M NaCl, 0.1% Triton X-100, 0.25 M sucrose, 2 mM EDTA, 10 g/ml leupeptin, 2 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF)). After a 30-min centrifugation at 13,000 rpm, the supernatant was collected and stored at Ϫ70°C until later use.
Preparation of Cytosolic and Nuclear Lysates-To separate cytosolic and nuclear fractions (34) , cells were lysed in Buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 10 g/ml leupeptin, 2 mM DTT, 1 mM PMSF, 0.1% Nonidet P-40). After centrifugation for 10 min at 13,000 rpm, the supernatant was collected as the cytosolic fraction. Then, Buffer B (20 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 0.42 M NaCl, 2 mM EDTA, 25% glycerol, 10 g/ml leupeptin, 2 mM DTT, 1 mM PMSF) was used to extract the nuclear fraction from the pellets.
Preparation of a 32 P-Labeled CK2 Probe-A radiolabeled CK2 holoenzyme probe was prepared by autophosphorylation of the enzyme (31) . For this, purified CK2 holoenzyme (0.3 mg/ml) was diluted with a phosphorylation buffer (20 mM Tris-Cl, pH 7.5, 20 mM MgCl 2 , and 0.1 mM [␥- 32 P]ATP (5000 cpm/pmol ATP)) to give a final concentration of approximately 15 g/ml. After incubation at room temperature for 1 h during which approximately 1 to 2 mol of phosphate was incorporated into the enzyme, the reaction was stopped by addition of a 0.5 M EDTA solution (pH 8.0), and the mixture was loaded onto a Sephadex G-25 column (PD-10 column, Pharmacia) to remove ATP and inorganic compounds. The radiolabeled CK2 fraction (approximately 5 ϫ 10 5 cpm per g of CK2) was collected in elution buffer (20 mM Tris-Cl, pH 7.5, 0.5 M NaCl) and analyzed using 12% SDS-polyacrylamide gels.
Overlay Methods-Electrophoresis was carried out in SDS-polyacrylamide gels (35) after which proteins were transferred onto a PVDF membrane and overlaid with the radioactive labeled CK2 probe; the procedure was similar to that used for detecting AKAP proteins (Akinase anchoring proteins) (36) . Approximately 1 g of CK2 was used per lane. The membrane was preincubated in blocking solution, either Blotto (5% milk in 10 mM phosphate, pH 7.4, 150 mM NaCl) or 3% BSA, overnight at 4°C, and then incubated with ␥-32 P-labeled CK2 probe (in blocking solution) for 4 h at room temperature. After extensive washing with phosphate-buffered saline (10 mM potassium phosphate, pH 7.4, 150 mM NaCl), the binding proteins were visualized by autoradiography. In a second procedure, the membrane to which lysate proteins had been transferred was overlaid with non-radiolabeled CK2, and anti-CK2 antiserum was used to detect interacting proteins using standard methodology (31) . Inhibition studies were carried out following the same procedure except that potential inhibitory substances were included in the incubation step. To further prove that the detected bands were from CK2-protein interactions, the CK2 probe that bound to the membrane-immobilized proteins was removed by washing the CK2 overlaid membrane with either an antibody stripping buffer (62.5 mM Tris-Cl, pH 6.7, 100 mM 2-mercaptoethanol, 2% SDS) or a wash buffer (50 mM Tris-Cl, pH 7.5) containing high NaCl concentrations (Ͼ0.5 M NaCl).
Immunoprecipitation of CK2-400 l of immunoprecipitation buffer (20 mM Tris-Cl, pH 7.5, 150 mM NaCl) containing equal amounts of CK2 ␣, ␣Ј, and ␤ antibodies (1:200 dilution) was incubated with 40 l of protein A-Sepharose (50% slurry) at room temperature for 30 min. After centrifugation to remove the supernatant, the antibody-protein A beads were incubated with 400 l of nuclear lysates for 2 h at 4°C and washed four times with an immunoprecipitation buffer containing 0.05% deoxycholate. The beads were resuspended in Laemmli sample buffer and electrophoresed on SDS-polyacrylamide gels. To detect proteins that co-immunoprecipitated with CK2, proteins on the gel were transferred onto a PVDF membrane and subjected to radioactive CK2 overlay.
Co-purification of p110 with Recombinant CK2 from Baculovirusinfected Sf-9 Cells-Sf-9 cells growing in TNM-FH medium containing 10% fetal calf serum (described in the instruction manual from Invitrogen) were co-infected with recombinant baculovirus-expressing CK2 subunit ␣ and ␤, or ␣Ј and ␤, following a procedure described elsewhere. 2 Two days after the infection, the cells were harvested and the recombinant holo-CK2 was purified using sequential chromatography steps employing phosphocellulose, polylysine-agarose, and heparinagarose columns. The presence of CK2 binding proteins was detected in the fractions using the overlay method.
Expression of GST-CK2 Subunit Fusion Proteins-Full-length cDNA for each subunit ␣, ␣Ј, and ␤ of human CK2 was amplified by PCR using a Bluescript plasmid containing cDNA sequences of each subunit (37) . The upstream PCR primers were: 5Ј-GCGGATCCTCGGGACCCGTGC-CAAGCA-3Ј (for ␣), 5Ј-GCGGATCCCCCGGCCCGGCCGCGGGCA-3Ј (for ␣Ј), and 5Ј-GCGGATCCAQCAGCTCAGAGGAGGTGT-3Ј (for ␤). T7 24-mer was used as the downstream primer for all subunits. After PCR, the DNA fragments were purified, digested with BamHI, and ligated into the pGEX-2T (Pharmacia) vector. The constructs were sequenced to exclude the possibility of errors introduced by PCR. Escherichia coli strain BL21(DE3) pLysS (Novagen) was transformed with each of these constructs. Cultures were grown at 37°C to an optical density of 0.6 at 600 nm, then induced by isopropyl-1-thio-␤-D-galactopyranoside for 3 h, and lysed by sonication. The recombinant fusion proteins were purified by affinity absorption to glutathione-Sepharose and eluted as described by the manufacturer (Pharmacia). The catalytic activities of the eluted fusion proteins GST-␣, GST-␣Ј, and their corresponding holoenzymes were examined using the specific CK2 peptide substrate, RRRDDDS-DDD (38) . The quantity and purity of the fusion proteins were determined by SDS-PAGE and Bradford analysis. Approximately 20 mg of GST-␣ (or GST-␣Ј) or 10 mg of GST-␤, was obtained from 1 liter of LB culture.
Assay of Proteins Binding to Immobilized GST Fusion Proteins-GST-CK2 fusion proteins (about 10 g) immobilized on 40 l of glutathione-Sepharose beads (50% slurry) were incubated with 200 l of cell lysate (approximately 0.4 mg of total protein) for 4 h at 4°C. The beads were washed five times with a washing buffer (20 mM potassium phosphate, pH 7.5, 0.15 M NaCl, 2 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.05% deoxycholate). The bound proteins were eluted by boiling in Laemmli sample buffer. Proteins that bound to CK2 subunits were detected by the overlay technique and direct staining.
The phosphorylation of p110 bound to immobilized GST-␣ or GST-␣Ј was carried out by adding 25 l of phosphorylation buffer (20 mM Tris-Cl, pH 7.5, 20 mM MgCl 2 , and 0.1 mM [␥-32 P]GTP (2000 cpm/pmol GTP)) to the complexes. After incubation for 30 min at 30°C, the reaction mixture (supernatant) was removed from the beads, and p110 was eluted by an elution buffer (50 mM Tris-Cl, pH 7.5, 10% glycerol, 2 mM EDTA) containing varying amounts of NaCl. After SDS-PAGE analysis, the phosphorylated bands were visualized by autoradiography.
Purification of p110 from 3T3 L1 Cells-The cell lysate was applied to a phosphocellulose column, and the breakthrough fraction was collected and incubated with GST-␣Ј glutathione-Sepharose beads for 4 to 5 h at 4°C. After centrifugation to remove the supernatant, the beads were washed with an elution buffer (50 mM Tris-Cl, pH 7.5, 10% glycerol, 2 mM EDTA, 1 mM PMSF) containing 0.15 M NaCl; the bound proteins were eluted by elution buffer containing 0.5 M NaCl. The proteins were precipitated using deoxycholate/trichloroacetic acid, and separated on SDS-PAGE.
Trypsin Digestion and Sequencing of p110 -Internal protein sequencing was carried out by the procedure of Stone et al. (39) , in which a CNBr digestion step was introduced to increase the recovery of peptides from the membrane. Briefly, proteins were transferred overnight to a PVDF membrane at low current in a transfer buffer (Tris-glycine). The p110 band was excised, cut into small pieces, and subjected to CNBr cleavage in 70% formic acid containing 70 mg/ml CNBr for 24 h. The supernatant was collected and the remaining peptides were eluted from the membrane with 40% acetonitrile, then with 0.05% trifluoroacetic acid in 40% acetonitrile. The eluates were pooled with the CNBr supernatant, dried by Speed Vac, and further digested at 37°C with 1 g of trypsin for 24 h. Trypsin-digested peptides were separated by HPLC using a C18 column and sequenced by automated Edman degradation using a gas-phase sequencer (Applied Biosystems Model 470-A).
RESULTS

Protein p110
Associates with CK2-The proteins in lysates of the nuclear fraction from 3T3 L1 cells were separated by SDS-PAGE, transferred to a PVDF membrane, and overlaid with a radiolabeled CK2 probe. After 4 h of incubation of the membranes with the probe, several protein bands were detected by autoradiography depending upon the reaction conditions. When 3% BSA was used as the blocking solution, numerous bands were seen including bands at 110, 140, 160, and 180 kDa (Fig. 1, lanes 1 and 2) . When the blocking solution was Blotto, fewer bands were present (Fig. 1, lanes 3 and 4) . Although the relative intensities of the various bands were not always identical in duplicate blots, one major band of 110 kDa was always prominent. To verify that various bands definitely resulted from interactions between radiolabeled CK2 and the proteins immobilized on the membrane, the alternative method was employed by overlaying the membrane with non-radiolabeled CK2 and then using anti-CK2 antiserum to detect lysate proteins that had become bound. Anti-CK2 ␣ antiserum clearly recognized several bands including a band of 110 kDa, further showing a direct association of CK2 with the immobilized proteins (data not shown).
To eliminate the possibility that the bands observed in Fig. 1 resulted from the phosphorylation of proteins bound to the surface of the membrane by the radiolabeled active CK2 and traces of [␥-32 P]ATP, a washing procedure was carried out that would make it possible to distinguish phosphorylation from interaction between CK2 and such proteins. Fig. 1 shows that all bands were abolished after the membrane was washed in either a washing buffer containing 1.5 M NaCl (lane 6) or an antibody stripping buffer (lane 7). Actually, a lower NaCl concentration (0.5 M) was sufficient to remove all the bands (data not shown). Therefore, these results strongly suggest that these bands represent CK2 binding to the immobilized proteins rather than the phosphorylation of the adherent proteins. Although a number of binding proteins were detected with this technique, p110 appeared to be one of the strongest. Therefore, subsequent studies were focused on identifying this particular protein and characterizing its association with CK2. Other CK2-binding proteins will be investigated in later studies.
The Influence of Enzyme Effectors and Casein on CK2 Binding to p110 -To investigate the possible influence of known effectors of CK2 on its interaction with p110, the effects of heparin (an inhibitor of CK2) and the polycations, polyarginine and histone H1 (activators of CK2), were examined using the CK2 overlay method. At a concentration of 250 ng/ml (approximately 10 Ϫ8 M), heparin effectively blocked CK2-p110 association, i.e. the p110 band was abolished while other bands were much less affected (Fig. 2, A and B) . Polyarginine and histone H1 also effectively inhibited the binding at a concentration of approximately 20 g/ml (Fig. 2B) . (It has been determined that 
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at this concentration, polyamine stimulates CK2 activity toward casein or a substrate peptide RRRDDDSDDD 2 ). To understand whether the CK2-p110 association was through the enzyme-substrate interaction, casein, an in vitro substrate of CK2, was employed as a binding competitor. As shown in C, Fig. 2 , even in a saturated casein solution, p110 binding was still observed, suggesting that p110 may bind to CK2 at a site other than the catalytic site of the enzyme.
The Binding of p110 to CK2 in Cell Fractions-Although protein p110 was observed to bind to CK2 by the in vitro overlay assay, it was important to know if this interaction also occurs in the intact cell. To gain information on this point, co-immunoprecipitation of the enzyme from the nuclear and the cytosolic fraction was performed using CK2 antiserum. Very mild extraction conditions were employed (see "Experimental Procedures") in the preparation of these fractions to minimize the possibility of breaking existing or creating new cellular CK2-protein complexes. It was found (Fig. 3 ) that p110 was co-immunoprecipitated by CK2 from the nuclear fraction of cell lysate as detected using the CK2 overlay method (lane 2), whereas no p110 was found in the cytosolic fraction (lane 1). In both fractions, the total amount of immunoprecipitated CK2 was approximately equal (data not shown). The co-immunoprecipitation of p110 by CK2 suggests a probable in vivo association of these two proteins, as well as nuclear localization of p110. The CK2 overlay experiments using the cytosolic and nuclear fractions without immunoprecipitation showed the same cellular localization of p110 (Fig. 3, lanes 3 and 4) .
In an additional experiment, it was observed that CK2 and p110 co-purify when the enzyme is isolated from baculovirusinfected Sf-9 cells. CK2 holoenzyme was overexpressed in Sf-9 cells co-infected with recombinant baculovirus-expressing ␣, ␣Ј, and ␤. Purification of expressed CK2 was carried out through sequential chromatography using phosphocellulose, heparinagarose, and polylysine-agarose respectively. 2 After each column, when the eluates were checked by using the CK2 overlay method, p110 was found in the fractions containing CK2 holoenzyme (data not shown).
Studies on the Binding of Individual CK2 Subunits to p110 -For use in further studies on the interaction between CK2 and p110, GST fusion proteins of CK2 subunits were expressed in E. coli and characterized. It was found that GST-␣ and GST-␣Ј were both active, with specific activities toward the peptide, RRRDDDSDDD, 0.2 mol/mg of protein/min. These values are very similar to the activity of bacterially expressed untagged CK2 ␣ subunit reported by others (40) , but lower than what has been found here for purified ␣ and ␣Ј expressed in the baculovirus system. 2 Purified GST-␤ migrates on SDS-PAGE with an apparent molecular weight of 45 kDa (data not shown). After incubating GST-␣ or GST-␣Ј with GST-␤ at room temperature for 20 min, a 3-to 5-fold activation of ␣ or ␣Ј was observed, indicating the fusion proteins were properly folded and could form an active CK2 holoenzyme.
The GST-fusion protein form of each CK2 subunit immobilized on glutathione-Sepharose beads was used to examine its potential for binding to proteins in 3T3 L1 lysates. After the binding reactions and extensive washing of the resin, the bound proteins were eluted and separated by SDS-PAGE, transferred to PVDF membrane, and detected by overlay with the 32 P-labeled CK2 probe. Fig. 4 shows that p110 bound to GST-␣ and GST-␣Ј beads, but not to GST-␤ beads. This strongly suggests that the binding of p110 to CK2 holoenzyme is probably through its ␣ or ␣Ј subunits. Furthermore, a very tight association between CK2 and p110 is indicated from the observation that nearly all of this protein was removed from the cell lysate by excess GST-CK2 ␣Ј fusion protein (Fig. 4,  lane 6 ).
p110 as a Substrate for CK2-The complex containing p110 associated with immobilized GST-␣ or GST-␣Ј was subjected to phosphorylation conditions using [␥-32 P]GTP rather than labeled ATP as the nucleotide triphosphate substrate so as to minimize the possibility of phosphorylation catalyzed by contaminating protein kinases. The experiment carried out using the GST-␣Ј-p110 complex is illustrated in Fig. 5 . After the reaction, p110 was eluted from the beads with buffers containing increasing NaCl concentrations. It was found that p110 is a substrate of CK2, since it was phosphorylated by both GST-␣Ј (Fig. 5B) or GST-␣ (data not shown). The data show that, after phosphorylation, p110 was still associated with CK2. The phosphorylated p110 was not observed in the reaction supernatant (Fig. 5, A and B, lane 1) and was not eluted by a buffer containing 0.25 M NaCl (Fig. 5, A and B, lanes 2 and 3) . Buffer with 0.5 M NaCl did elute the p110 from CK2-␣Ј beads (Fig. 5,  A and B, lanes 4 and 5) . This demonstrates that even though p110 is a substrate for CK2 and binds to the catalytic subunit, the stable CK2-p110 association is most likely not due solely to enzyme-substrate interaction involving the catalytic site. This is also in agreement with the substrate (casein) competition experiment described earlier.
Purification and Identification of p110 as the Nuclear Protein Nucleolin from 3T3 L1 Cells-GST-CK2 ␣Ј fusion protein immobilized on glutathione-Sepharose beads was used to bind p110 present in the breakthrough peak from phosphocellulose chromatography of 3T3 L1 cell lysates. The protein was then further purified as described under "Experimental Procedures" and subjected to CNBr and trypsin digestion. Sixteen peptides 
were obtained from HPLC separation of the digestion products. Among them, five peptides were sequenced. The amino acid sequences of these peptides are highly homologous to the sequences of a nuclear protein nucleolin obtained from several sources (SwissProt, data base). As shown in Fig. 6 , when compared with the derived sequence of a mouse liver nucleolin (41), three p110 peptides matched completely and two p110 peptides differed only in one or two amino acids. Therefore, it is highly probable that protein p110 is nucleolin.
Anti-nucleolin antiserum recognized p110 corroborating the identification of this protein as nucleolin (Fig. 7) . In this figure, lanes 5-8 show the CK2-binding proteins that were eluted from the resin after the binding assay (see "Experimental Procedures"). Nucleolin bound only to the GST-␣ or GST-␣Ј subunits, but not to GST-␤. This result is in agreement with the results shown in the GST binding experiment (Fig. 4) . Analysis of the supernatants after incubation of cell lysates with GST-␣Ј or GST-␣ beads (lanes 2 and 3) show less remaining nucleolin than the supernatant after incubation with GST-␤ (lane 1) or GST (lane 4).
DISCUSSION
Using biochemical methods and immunoisolation, we have identified the nuclear protein nucleolin as a strong CK2-interacting protein. These results agree with the previous reports on the co-purification of CK2 with nucleolin (28) and the association of CK2 with FKBP25 and nucleolin (29) . More importantly, for the first time, our study shows that the interaction is directly between CK2 and nucleolin. In addition, the association of these two proteins within the cell is suggested by our data.
The CK2-nucleolin association probably occurs through the CK2 catalytic subunits (␣/␣Ј), although the possibility of participation of the regulatory CK2 ␤ subunit cannot be completely excluded. Since nucleolin is a good substrate for CK2 (3) , and since the association with nucleolin appears to be through the catalytic subunits, it seemed possible that the binding might simply be that of an ordinary enzyme-substrate interaction. But, several observations suggest that this is not the case.
Nucleolin remains tightly bound to CK2 even after its phosphorylation and high salt concentrations are needed to elute phosphonucleolin from immobilized CK2. Casein, a good substrate for CK2, did not block the interaction between CK2 and nucleolin under the overlay assay conditions. These observations support a model in which the tight binding of nucleolin to CK2 occurs at a site different from the catalytic site. Such binding could, however, facilitate its ability to be phosphorylated. In the protein kinase family, it is not uncommon that a kinase binds to its substrate at a site other than the catalytic site and that this binding increases the selectivity of a given kinase for its substrate. One example is the association of JNK with c-Jun in which any defect in binding results in inefficient phosphorylation of c-Jun by JNK (42) .
In eukaryotic cells, nucleolin is a major nucleolar phosphoprotein thought to be involved in the regulation of rDNA transcription and ribosomal assembly (43) (44) (45) (46) . The discovery that nucleolin shuttles between cytoplasm and nucleus raises the possibility that it is also involved in transporting ribosomal or nuclear proteins to the nucleus (47) . However, the exact role of nucleolin remains to be determined. CK2 phosphorylation of nucleolin is correlated with rRNA synthesis, and it is possible that the stable association of CK2 with nucleolin may be implicated in the regulation of RNA biosynthesis in eukaryotic cells. In actively growing cells, nucleolin is phosphorylated by CK2, whereas in confluent cells nucleolin is not phosphorylated and rRNA synthesis decreases to 5% of the level reached during FIG. 5 . p110 is a substrate for CK2. p110 bound to immobilized GST-␣Ј was subjected to phosphorylation condition using [␥-
32 P]GTP as the phosphate donor as described under "Experimental Procedures." The supernatant from the reaction mixture was removed, and p110 was then eluted by treatment with buffers containing successively higher concentrations of NaCl. The original supernatant and the eluates were subjected to SDS-PAGE, and p110 was visualized by Coomassie Blue staining (A) or autoradiography (B). Lane 1, supernatant; lanes 2 and 3, 0.25 M NaCl eluate; lanes 4 and 5, 0.5 M NaCl eluate; and lanes 6 and 7, 1 M NaCl eluate. growth (48) . CK2 phosphorylation of nucleolin and rRNA synthesis were found to be dependent on hormonal stimulus in hepatocytes (49) , lymphosarcoma P1798 (50), differentiated 3T3-442A (32) , and ABAE cells (51) . Localization of CK2 was found to parallel cell growth and transcription of rDNA. Immunofluoresence studies demonstrated a high accumulation of CK2 in the nucleoli of mouse tumor cell compared to other cellular compartments (52) . While abundant CK2 was found in the nucleolus of growing cells, almost no CK2 was detected in the nucleolus of confluent cells (48) .
Although how much of the cellular CK2 is associated with nucleolin in vivo is not addressed in this study, a significant amount of nucleolus CK2 can be anticipated to be complexed with nucleolin in the growing cells based on the relative abundance of CK2 and nucleolin, their co-localization in the nucleolus, and the finding of the high affinity of CK2 to nucleolin. Nucleolin appears to be much more abundant in the cell than CK2. It constitutes about 0.1% of total nuclear protein in growing cells (53) (54) (55) . By contrast, even in a very rich source of CK2, bovine testis, CK2 constitutes only 0.018% of the total cellular protein (30) . Considering the fact that in most other cell types CK2 level is lower than in testis (less than half) (3, 56) , the number of nucleolin molecules can be estimated to be at least 10-fold greater than CK2 in most cells. Unlike nucleolin, which is located primarily in the nucleolus, CK2 is localized in both cytoplasm and nucleus. Thus, within the nucleolus the excess amount of nucleolin as compared to CK2 is probably very high. From our data, it seems possible that CK2 could bind to all forms of nucleolin, since most nucleolin in the lysate is removed if an increased amount of GST-CK2 ␣/␣Ј is used (Fig. 5) ; it is very likely that a high percentage of nucleolar CK2 is bound to nucleolin.
One interesting finding from our experiments is that the CK2-nucleolin interaction shows a similarity with CK2 associations to p53, DNA topoisomerase II, and HSP90, i.e. the association is inhibited by the CK2 inhibitor, heparin, as well as by CK2-activating polyamines. However, it is not clear whether or not this is a common feature of CK2-protein interactions. Heparin is known to bind to CK2 at the catalytic ␣ (␣Ј) subunits, possibly at the very basic nuclear localization sequence region (amino acids 74 to 80) (40) . This heparin-CK2 interaction may either compete with CK2-nucleolin interaction, if the same region of CK2 is involved in the binding, or change the conformation of CK2 and consequently prevent it from binding to nucleolin.
The mechanism of inhibition of CK2-nucleolin association by polyarginine and histone could involve either an effect of these polycations on CK2 or on nucleolin. Previous reports demonstrated that polycations can stimulate CK2 activity with nucleolin as a substrate (32) , seemingly making it unlikely that inhibition of CK2-nucleolin association should be attributed to the effects of polycations on CK2. Furthermore, histone H1 and polyamines have been reported to bind to nucleolin (57, 58) . The phosphorylated amino-terminal domain of nucleolin, which is rich in lengthy stretches of acidic amino acids, was found to be responsible for these interactions (28) . This polycation-nucleolin interaction could compete with interaction between CK2 and nucleolin. Considering the possible involvement of the very basic region of CK2 ␣ (␣Ј) subunit in its binding to nucleolin, the competition of histone H1 and polyarginine with CK2 binding to nucleolin suggests that the same amino-terminal acidic domain of nucleolin may be involved in its binding to CK2. It should be mentioned that the binding of histone H1 and polyamines to nucleolin may be a process of physiological significance. It was found that the association of nucleolin with histone H1 induced chromatin decondensation, thus initiating rRNA synthesis (58) . The phosphorylation of nucleolin may play a role in this interaction (58) . Therefore, the CK2-nucleolin association, together with CK2 phosphorylation of nucleolin, may have a role in regulating rRNA synthesis.
